Galápagos plume-related lavas in the accreted terranes of the Caribbean and along the west coast of Costa Rica and Panama provide evidence on the evolution of the Galápagos mantle plume, specifically its mantle temperature, size and composition of heterogeneities, and dynamics. 
Introduction
The initial melting of mantle plumes produces unparalleled volumes (5-40 × 10 6 km 3 ) of lava that form continental flood basalts and oceanic plateaus, which represent the most significant igneous structures on Earth (e.g., Coffin and Eldholm, 1994; Mahoney and Coffin, 1997; Saunders, 2005; Coffin et al., 2006) . This type of intra-plate magmatism originates at a deep thermal boundary layer below the upper mantle (possibly the coremantle boundary, e.g., Morgan, 1972; Tolstikhin and Hofmann, 2005; Torvisk et al., 2010; Burke, 2011) . During ascent, a plume may develop a volumetrically large "head", followed by a narrower conduit or "tail". Geodynamic models suggest that melting of a 500-2000 km wide plume head (Arndt, 2000) forms large igneous LIP (CLIP) melted more extensively and at higher temperatures than lavas from the modern Galápagos Islands (Herzberg and Gazel, 2009 ). The maximum T p of the plume was ∼1620 • C during the Cretaceous and cooled to ∼1500 • C at present time at a rate of ∼1 • C/Ma assuming a linear decrease (Herzberg and Gazel, 2009 ).
Therefore, understanding the evolution of the Galápagos mantle plume has significant global implications for understanding mantle dynamics.
The amount, age, and contribution of subducted slab sources (eclogite, pyroxenite, or refertilized peridotite) fingerprinted in mantle plume geochemistry are also important. Although a recycled crust signature has been identified in plumes through the use of radiogenic isotopes and trace-element signatures (e.g., Zindler and Hart, 1986; Hofmann, 1997; Chauvel et al., 2008) and more recently through the use of major element signatures (e.g., Jackson and Dasgupta, 2008; Shorttle and Maclennan, 2011; Jackson et al., 2012 ) and numerical models (Ballmer et al., 2013) the exact nature of geochemical exchanges and mixing of pyroxenite with mantle end members requires further investigation. Global scale recycling of crustal material undoubtedly plays a key role in the development and evolution of deep geochemical reservoirs as well as affecting the thermodynamic cooling of Earth. Furthermore, when compared with a primitive mantle reference, typical OIB trace element signatures show positive high field strength element (e.g., Nb and Ta) anomalies, suggesting a subducted slab reservoir in the mantle (McDonough, 1991; Rudnick et al., 2000; Kamber and Collerson, 2000; . This reservoir could represent the mantle domain component common in all plumes (e.g., C, FOZO) (Zindler and Hart, 1986; Hart et al., 1992; Stracke et al., 2005) .
Our objective is to characterize the sources of the lavas present in the Quepos terrane and their effect on plume evolution during the important LIP-OIB transition. This "transition" marks a major decrease in the magmatic productivity when head stage melting ceases and tail stage melting begins during a plume's evolution. In this study we use integrated petrological, geochemical, isotopic, and high-precision olivine geochemical analyses to compare our new results to preexisting data sets to show a decrease in T p evident in the Quepos lavas that corresponds to a dominant pyroxenite component in the Galápagos Plume.
Background
The formation of the Caribbean Large Igneous Province (CLIP) began ∼90 Ma with the incipient melting of the Galápagos plume head (Duncan and Hargraves, 1984; Richards et al., 1989; Pindel and Barrett, 1990; Kerr et al., 1996a Kerr et al., , 1996b Hauff et al., 1997 Hauff et al., , 2000a Sinton et al., 1997) . The Caribbean plate represents an overthickened section of oceanic crust (up to 20 km) and is interpreted as the product Galápagos plume head melting (Duncan and Hargraves, 1984; Hauff et al., 1997 Hauff et al., , 2000a Hauff et al., , 2000b Sinton et al., 1998; Kerr et al., 1996a; Hoernle et al., 2002 Hoernle et al., , 2004 . The CLIP then migrated northeast with the Farallon Plate where it collided with the Greater Antilles Arc (e.g., Duncan and Hargraves, 1984; Hauff et al., 2000a Hauff et al., , 2000b Geldmacher et al., 2003; Gazel et al., 2011) . This collision triggered a reversal in subduction polarity, which initiated subduction along the western edge of the CLIP margin (Duncan and Hargraves, 1984; Geldmacher et al., 2003) . The reversal in polarity facilitated the migration of the CLIP farther northeast between the converging North and South Americas between Late Cretaceous to Tertiary time (e.g., Duncan and Hargraves, 1984; Hauff et al., 2000a; Hoernle et al., 2002; Geldmacher et al., 2003) .
Petrological and geochemical research of the Burica, Osa, and Quepos terranes in western Costa Rica (Fig. 1) together with Azuero and Sona terranes in Panama, provide strong evidence that these areas represent accreted Galápagos OIB terranes, which resulted from melting of the plume tail post CLIP formation (Hauff et al., 2000a; Hoernle et al., 2002; Denyer and Gazel, 2009 Galápagos plume tail segments accreted to Central America Hauff et al., 2000a; Hoernle et al., 2002) . Around 23 Ma the Farallon Plate began spreading to form the Nazca and Cocos plates (e.g., Lonsdale, 2005) . During the next 20 Ma the Galápagos hotspot and the Cocos-Nazca ridge experienced a series of complex interactions . The ridgehotspot interactions subsequently formed the Cocos and Carnegie aseismic ridges located on the northeastward and eastward migrating Cocos and Nazca Plates respectively. The present day Galápagos archipelago is currently divided into four domains, characterized by unique isotopic variations in NdSr-Pb and 3 He/ 4 He (Hoernle et al., 2000; Harpp and White, 2001 ).
The Eastern Domain represents the most depleted isotopic endmember (Hoernle et al., 2000; Harpp and White, 2001) Kurz et al., 2014) . The Quepos terrane (focus of this study) is one of six faultbounded oceanic igneous terranes located on the Pacific Costa Rican coast (Fig. 1 ). An intra-plate Galápagos origin is now generally accepted to explain the formation of Quepos based on petrological evidence, field-based observations, and trace element data and represents the oldest accreted segments of the Galápagos OIB stage (Frisch et al., 1992; Hauff et al., 1997; Denyer and Gazel, 2009 ). The lava stratigraphy of Quepos is dominated by a transitional tholeiitic to alkaline series with incompatible trace element patterns indicative of an OIB source with a clear Galápagos isotopic signature (Hauff et al., 2000a (Hauff et al., , 2000b Geldmacher et al., 2003) .
Materials and methods
Picrite, diabase, and basalt samples were collected in the Quepos terrane, from in-situ outcrops or fresh, meter-size boulders along the shoreline to take advantage of active surf erosion exposures. Sample locations can be found in Table S1A Tables S2A-E) . Alteration-free rock chips were selected under stereoscopic microscope and powdered in an alumina mill at the Department of Geosciences at Virginia Tech. From these powders, whole rock major and trace element compositions were collected at Washington State University by XRF and ICP-MS (protocols in Johnson et al., 1999) and are reported in Table S1A in the Supplementary Ma- terials. Curacao picrite samples were processed and analyzed in the geochemistry laboratory at the Department of Geosciences at Virginia Tech following the procedures described in Mazza et al. (2014) . Major elements were collected by X-ray fluorescence (XRF), the Relative Standard Deviation (RSD) for 10 replicates of BHVO-2g was <2.70% for all major elements and accuracy better than 1.74%, with the exception of P 2 O 5 . Trace elements as well as P 2 O 5 were collected from the same fluxed glasses with an Agilent 7500ce ICPMS coupled with a Geolas laser ablation system, following the procedures detailed in Mazza et al. (2014) . Data were calibrated against USGS standards BCR-2, BHVO-2, G-2, and BIR-1a, using Ti from XRF as an internal standard and the standard element values reported in Kelley et al. (2003) . The accuracy for 4 replicates of BHVO-2g was better than 5% for all elements except for Ba, Hf, and Ge (7-9%). The accuracy for 4 replicates of BIR-1a was better than 5% for most elements except for Ga, Ge, Ce, Pr, Eu, Tb, Dy, Ho, Tm, Er, Yb, and Lu (5-9%).
Acid-digested aliquots of the same powdered material was used to collect radiogenic isotope ratios of Pb, Nd, and Sr on a Neptune multi collector ICPMS at the Center for Elemental Mass Spectrometry (CEMS), University of South Carolina (USC). Pb isotope ratios were determined by the Tl-addition technique (White et al., 2000) using 203 Tl/ Radiogenic isotope ratios of seven new Quepos samples (this study) were age corrected to initial eruptive values at 65 Ma using parent/daughter values reported in Table S1A . Additionally, we calculated the radiogenic composition of the Quepos and CLIP sources at 65 Ma and 90 Ma respectively by inverting primary magma compositions of Quepos and CLIP lavas assuming a modal composition of a refertilized peridotite and a melt fraction of 10%. We then projected these values to 0 Ma (assuming a radiogenic ingrowth corresponding to the source parent/daughter ratios). This method allows for proper comparison of Quepos and CLIP lavas to the present day isotopic domains in the Galápagos archipelago. We tested the sensitivity of radiogenic source compositions to the degree of partial melting and found negligible changes 10, 20, and 30%. Inverted source compositions for Quepos and CLIP samples, as well as additional details are included in Table S1D .
We performed high-precision trace element analyses on Quepos olivines using Rutgers University's JEOL JXA-8200 Superprobe. A modified version of the Sobolev et al. (2007) protocol was used to obtain high precision trace-element data. Samples were analyzed with a focused beam (∼1 m) at 20 kV and 300 nA. Peak count times were as follows: Si: 50 s; Mg: 80 s; Fe: 100 s; Ni: 150 s; Ca: 150 s and Mn: 150 s. The San Carlos olivine standard was analyzed at regular intervals during each run in order to correct for instrumental drift. A summary of the primary standards, statistics for the secondary standards, and statistics for the olivine analyses are given in Table S1B in Supplementary Materials. All oxide totals from the olivine analyses were normalized to 100%. Olivine data are also reported from Curacao lavas (Kerr et al., 1996b for sample 92-8 and Revillon et al., 1999 for sample 94-54).
Petrological modeling
Our goal is to use high precision olivine data to infer the lithology of the source that melted to produce the Quepos picrites; additionally, we examine olivines from the older CLIP lavas from Curacao in order to provide constraints on how the source lithology changed from ∼90 to 70 Ma. A detailed description of the method that was adopted for petrological modeling was provided previously (Herzberg, 2011; Herzberg et al., 2013 Herzberg et al., , 2014 , and is given again in the Supplementary Materials. The model has the following components: 1) identification of a primary magma composition, 2) calculation of a liquid line of descent after variable proportions of olivine, clinopyroxene, and plagioclase have been subtracted, 3) calculation of the compositions of olivine that crystallize from these derivative magmas, 4) comparison of model and observed olivine compositions. The modeling requires use of the olivine/melt distribution coefficients D; for Ni we have chosen the Beattie-Jones model (Jones, 1984; Beattie et al., 1991) ; for Ca and Mn we use the models in Herzberg and O'Hara (2002) and for Fe-Mg exchange between olivine and melt we use the model of Toplis (2005) . There are other olivine/liquid distribution models for Ni, and all are parameterizations of experimental data. Of these, the Beattie-Jones model has the minimum root mean square error (RMSE) (reproducing experimentally collected data; Herzberg et al., 2013 Herzberg et al., , 2014 . Matzen et al. (2013) proposed that the partitioning of Ni between olivine and melt decreases as temperature increases, and the inference is that deep melting of peridotite will produce Ni rich melts that crystallize Ni-rich olivine near the surface. They proposed that the NiO contents of olivines greater than 0.37% in mantle peridotites are proportional to the difference in temperature between melting in the mantle and crystallization near the surface, i.e., the T effect. The difficulties with this model were previously examined (Herzberg et al., , 2014 ) and we will draw attention to several points that compromise its use for interpreting the Curacao and Quepos olivine phenocrysts. The BeattieJones Ni partitioning model is more accurate than the Matzen et al. (2013) in describing the experimental data (Herzberg et al., , 2014 . The 1 RMSE for the Beattie-Jones model is 1.1; the 1 RMSE for the Matzen model is 2.5 (Herzberg et al., 2014) . Therefore, the difference in olivine NiO between average Hawaii and spinel peridotite (i.e., 0.46% and 0.37%) discussed by Matzen et al. (2013) is fully accounted for by the 1 RMSE of 2.5. Thus, the T interpretation for the high NiO in Hawaiian olivines is undermined by the uncertainty. In the Beattie-Jones model the effect of T on D Ni is accounted for in the MgO content of the melt, but in the Matzen et al. (2013) model, the separation of T and melt MgO as independent variables likely accounts for the larger RMSE. As discussed below, olivine compositions from Curacao crystallized from hot peridotite-source primary magmas, yet they display no elevations in Ni. Additionally, the highest olivine Ni contents worldwide are found in subduction zone lavas from the Mexican Volcanic Belt (Straub et al., 2008 ), yet there is no thermal anomaly below this region. Finally, we reiterate that the inference of a pyroxenite or refertilized peridotite source from elevated Ni using the BeattieJones model is internally consistent with Ca and Fe/Mn, but no such consistency was provided in the Matzen et al. (2013) Meschede and Frishe (1994) , Sinton et al. (1997) , and Hauff et al. (2000b) . B) CaO-MgO discrimination diagram between peridotite and pyroxenite derived magmas from Herzberg and Asimow (2008) . This model was developed for accumulated fractional melting of peridotite KR4003, and is validated by the fact that no experimental melt compositions from a pure peridotite source plot below the discrimination line. The grey shaded region represents primary magmas of fertile peridotite produced by accumulated fractional melting. Additional data from Stolper et al. (2004) for Mauna Kea and from White et al. (1993) , Hauff et al. (1997 Hauff et al. ( , 2000a Hauff et al. ( , 2000b , Allan and Simkin (2000) , Hoernle et al. (2000) , Blichert-Toft and White (2001), Geist et al. (2002) , Naumann and Geist (2002) , Werner and Hoernle (2003) , O'Connor et al. (2007) , Wegner et al. (2010) for Galápagos related lavas including accreted terranes in Central America and parts of the CLIP including Nicoya and Curacao.
Results
The matrix of three samples from Quepos (two basalts and one picrite) were dated by 40 Fig. 2A) . These lavas are mostly classified as basalts, with some examples of basaltic andesites, trachybasalts, and one basanite ( Fig. 2A) . Quepos picrites fall within the picro-basalt/basalt compositional fields ( Fig. 2A ) but textural and petrological evidence Fig. 3 . Multi-element spider diagram normalized to primitive mantle (McDonough and Sun, 1995) . Note how the new data from Quepos overlap with the current Galá-pagos tracks; the Cocos, Carnegie, and Coiba Ridges. Additional data from White et al. (1993) , Hauff et al. (1997 Hauff et al. ( , 2000a Hauff et al. ( , 2000b , Allan and Simkin (2000) , Hoernle et al. (2000) , Blichert-Toft and White (2001) (Supplementary Materials, Section S1) suggest that they are not liquids but cumulates produced by olivine accumulation. Nevertheless, their olivine-controlled high MgO (>10 wt%) compositions and abundance of fresh olivines make them ideal for source composition determinations and petrological studies. Quepos picrites plot below the peridotite-pyroxenite discrimination line (Fig. 2B ) defined by Herzberg and Asimow (2008) . In contrast, the older Curacao picrites (Kerr et al., 1996b ; this study) plot on or above the line, in range with other CLIP samples consistent with a peridotite source. Primitive mantle normalized spider-diagrams from Quepos samples display broad enrichment in incompatible elements (Fig. 3) . These lavas show marked positive high-field strength element enrichments (positive Ta, Nb, and Ti anomalies) as well as depletions in fluid mobile elements (K, Rb, Th, U) relative to elements with similar compatibilities. Additionally, the trace element abundances of our samples closely resemble the incompatible element patterns of current Galápagos hotspot tracks; the Cocos, Coiba, and Carnegie ridges (Fig. 3) .
High precision data on olivine interpreted as derived from a mantle peridotite source from a wide range of tectonic environments contain a range of ∼2800-3100 ppm Ni . These contents are consistent with values from olivine in primitive MORB from the East Pacific Rise and olivines inferred to have crystallized from primary magmas of Archean komatiites (Herzberg, 2011; Herzberg et al., 2013) . CLIP olivines from the ∼90 Ma lavas of Curacao are another example of peridotitesource olivines (Fig. 4) . Olivine compositions trend towards 3000 ppm Ni and 2000 ppm Ca, consistent with magmas derived from a peridotite source. Importantly, these olivines crystallized from hot primary magmas (T p = 1540 • C; MgO = 18%; Herzberg and Gazel, 2009; Hastie and Kerr, 2010 ), yet there is no evidence for elevated Ni in Curacao olivines that would support the T model (Matzen et al., 2013) . Curacao olivines have low Ni contents (Fig. 4) , unlike high Ni Hawaiian olivines (Fig. 5) .
When olivine Mg numbers are greater than 90, pyroxenite or refertilzed peridotite formed by reaction of partial melts of recycled crust with peridotite are often revealed in olivine phenocrysts with high Ni, low Ca, low Mn and high Fe/Mn compared to olivines that crystallize from melts of normal MORB-like peridotite (Sobolev et (Herzberg, 2011) ; the grey field in panel A represents ±1σ uncertainty for Ni . The Curacao primary magma composition was computed from lava sample CR372T92 reported by Klaver (1987) . The full range of model olivine Ca for peridotite-source melts far exceeds the 1700-2000 ppm range that is typically observed for MORB, komatiite, and other olivines of a peridotite source provenance; similarly the upper Fe/Mn model bound of 70 exceeds Fe/Mn of observed olivines of a peridotite source provenance. Curacao olivine compositions define trends towards peridotite-source olivines (see text).
too low in Ca to have crystallized from normal mantle peridotite such as the source of MORB, Archean komatiites, and Curacao lavas (Fig. 4) . They are also similar to olivines from Mauna Kea for which a pyroxenite source has been inferred (Sobolev et al., 2007; Herzberg, 2011) . olivines from a peridotite source primary magma and its derivatives are given by the green cross and arrow, computed from lava sample CR372T92 reported by Tournon and Azema (1984) . Quepos olivine compositions are not consistent with derivation from a normal peridotite source. Notice how the new Quepos data is within range of Mauna Kea data from Sobolev et al. (2007) interpreted as olivines that crystallized from a pyroxenite-derived primary magma. The trends can be explained by complex olivine + clinopyroxene fractional crystallization or magma recharge (Supplementary Materials for detailed information). Independent of the explanation, these crystallization trends do not extrapolate to peridotite source primary magmas. Please refer to the web version of this article for interpretation of the colors in this figure legend.
Seven new sets of Sr-Nd-Pb isotope ratios are provided in this study (Table S1A and Fig. 6 ). These ratios were first age corrected using an average age of 65 Ma and then used to project the radiogenic ingrowth of the source, as described in the methods above. These values are plotted in Fig. 6 along with modern Galápagos Plume isotopic domains (Hoernle et al., 2000; Harpp and White, 2001 ) and previously published CLIP and Nicoya data, also projected to present day (Hauff et al., 2000a (Hauff et al., , 2000b Hoernle et al., 2004) . A detailed description and discussion of the isotope age corrections and source projections can be found in Supplementary Materials.
Discussion
The new 40 Ar/ 39 Ar ages presented in this study, suggest that Quepos volcanism lasted for approximately 10 Ma beginning at ∼70 Ma and terminating at ∼60 Ma. Our new data suggest that the initial melting event, which formed this terrane occurred ∼5 Ma earlier than previously described (Hoernle et al., 2002) . The trace-element patterns reveal similarities with the current Galápa-gos hotspot tracks; the Cocos, Coiba, and Carnegie Ridges (Fig. 3) . Therefore, the Quepos terrane is possibly the oldest accreted Galá-pagos OIB terrane found in Central America and records the transitional phase between LIP and OIB-type volcanism. CaO-MgO bulk rock compositions can be used as a first order discrimination between peridotite and pyroxenite source-derived melts (Herzberg and Asimow, 2008) . Samples from the CLIP plot in the area consistent with a dominantly peridotitic source composition (Fig. 2B ), although it is also possible that some pyroxenite lithologies can also produce high CaO magmas (Herzberg, 2011) .
Our new samples from Quepos plot below that line and are similar to the range exhibited by Mauna Kea (Hawaii) lavas, which have been interpreted to be derived from a pyroxenite source (Sobolev et al., 2007; Herzberg, 2011) . We note that no experimental melt compositions of peridotites have been reported that plot below the discrimination line, supporting evidence that low CaO primary magmas originated by pyroxenite melting. Modern Galá-pagos archipelago lavas plot above and below the discrimination line, consistent with the presence of both peridotite and pyroxenite sources in the plume . Also, one lava composition from Quepos reported by Tournon and Azema (1984) plots above the line, and this was used to model the olivines for peridotite source melts (Fig. 5) .
New high-precision data from Quepos olivine phenocrysts show that they have higher Ni and Fe/Mn and lower Ca contents than those expected of a normal peridotite source (Fig. 5) . While Quepos and Mauna Kea olivines share many similarities (Fig. 5) , there are also differences that may be interpreted as variable amounts of olivine in the source, which may be present in Quepos and variably present or even absent in Mauna Kea (Sobolev et al., 2005; Herzberg, 2011) .
The observed trends in Ni and Ca in Quepos olivines suggest that sole crystallization of olivine is not sufficient to explain the data. Quepos olivines are too low in Ca and too high in Ni to be derived from a pure pyroxenite end member (Fig. 5) . The best fit occurs when olivine and clinopyroxene crystallize along a cotectic. However, this is problematic for several reasons. First, Quepos picrites lack clinopyroxene. Although magmas can crystallize olivine + clinopyroxene at high-pressures and then only olivine within shallower crustal magma chambers (e.g. Thompson et al., 1980; O'Donnell and Presnall, 1980; Elthon et al., 1995) , this process would be preserved in the geochemical signature of these picrites. The lack of decreasing Sc/Al and Ca/Al with decreasing MgO does not support polybaric crystallization for Quepos samples. However, fractional crystallization coupled with magma recharge and mixing from a pyroxenite source provides a viable explanation to the Ni and Ca trends observed in Quepos olivines (Fig. 5 ). The recharge model shows that Quepos olivines crystallized from mixtures between the pyroxenite-derived primary magma and a derivative liquids with Mg# of 75 to 84 (Fig. 5) . It is important to note that Ni and Ca are elements sensitive to magma recharge and mixing while Fe/Mn remains insensitive to this process. A detailed discussion of magma chamber recharge and mixing model is provided in the Supplementary Materials section.
Source Pb/ 204 Pb reveal that the Quepos terrane is most similar to the Central Domain of the Galápagos archipelago (Fig. 6 ). Nicoya and Curacao basalts also show similarity to the Central Domain, although are typically less radiogenic in Pb isotopic composition and more radiogenic in Nd isotopic composition than Quepos lavas. In the modern archipelago the Central Domain is by far the most widespread and defines lavas from Fernandina and Isabella (Harpp and White, 2001 ). This component dominates the center of the archipelago, whereas the other components prevail in the peripheral areas (Harpp and White, 2001) . The trace element chemistry, radiogenic isotope ratios, and 3 He/ 4 He ratios (Graham et al., 1993; Kurz and Geist, 1999) of Fernandina all suggest that lavas erupted in the western reaches of the archipelago represent the most undegassed, primitive part of the Galápagos plume (Harpp and White, 2001 ). Previous studies suggested some possible mechanisms leading to the formation of isotopically distinct domains in the Galápa-gos plume source include: 1) recycling and entrainment of ancient oceanic crust into the plume (Hart, 1984) , 2) recycling of subducted sediment (Dupré and Allégre, 1983) , 3) delamination of subcontinental lithosphere (Hart, 1984) . Based on the new data Herzberg and Asimow (2008) and Herzberg and Gazel (2009) ; these authors have attributed the T p range as a record of plume thermal heterogeneity, higher T p in the core and lower T p at the periphery. B) Evolution of the Nb/Nb * vs. time (Ma) from Galápagos related basalts.
Nb/Nb * is defined as Nb N / √ (Th N × La N ) where N means normalized to a primitive mantle composition from McDonough and Sun (1995) . Average Nb/Nb * for MORB is calculated from the average MORB composition from Gale et al. (2013) . Color bars behind symbols represent the age range of Galápagos units. Notice as the plume cools down the Nb/Nb * ratio increased to a max at 0 Ma (data from White et al., 1993; Hauff et al., 1997 Hauff et al., , 2000a Hauff et al., , 2000b Allan and Simkin, 2000; Hoernle et al., 2000; Blichert-Toft and White, 2001; Geist et al., 2002; Naumann and Geist, 2002; Werner and Hoernle, 2003; O'Connor et al., 2007; Wegner et al., 2010) .
presented here, we favor the interpretation that recycled oceanic crust is responsible for the more radiogenic Pb isotopic nature of the Quepos terrane, relative to CLIP lavas. Our new 40 Ar/ 39 Ar ages and geochemical data provide valuable insight into a crucial phase during the life cycle of the Galápagos plume during the LIP-OIB stage transition, thereby elucidating the "head-tail plume evolution". A fundamental question that remains is: what effect does recycled oceanic crust in the form of pyroxenite contribution have on the evolutionary history of the Galápa-gos plume? Herzberg and Gazel (2009) proposed that CLIP lavas melted hotter and more extensively than lavas from the 0-15 Ma archipelago and Carnegie and Cocos tracks (Fig. 7A) . A significant decrease in T p (∼75 • C) is also observed between ∼90 Ma CLIP lavas and ∼65 Ma Quepos lavas (Herzberg and Gazel, 2009 ). Interestingly, there is also an increasing trend in high-field strength elements (HFSE), particularly Nb/Nb * (defined as Nb N / √ (Th N × La N )) from ∼90 to 0 Ma (Fig. 7B ). HFSE's such as Nb are sequestered in refractory mineral phases, e.g., rutile, in a subducting slab, thus the increase in Nb/Nb * between 90 and 65 Ma may reflect a sig-nificant increase in recycled oceanic crust as the pyroxenite source for Quepos lavas. . This result advocates important implications for the development of global mantle geochemical heterogeneity. The high 3 He/ 4 He ratios of erupted lavas at some hotspots (Galápagos, Hawaii, Samoa, Iceland) are interpreted to originate from a relatively primitive, undegassed mantle reservoir (Kurz et al., 1982; Farley and Craig, 1992) , named PHEM (Farley and Craig, 1992) , FOZO (Hart et al., 1992) , or C (Hanan and Graham, 1996) . Understanding the nature of such a primitive, undegassed mantle reservoir and the development of a nonprimitive (nonchondritic?) mantle component is therefore crucial for understanding the formation of the high HFSE -high 3 He/ 4 He domain frequently sampled by some plumes (Galá-pagos, Iceland, Hawaii, Samoa), balancing Earth's HFSE budget from subduction to deep recycling, and evaluating large-scale planetary differentiation processes . Evidence is accumulating that the amount of recycled crust in the Galápagos mantle plume has been increasing with time.
Peridotite-source melting is consistent with the ∼90 Ma CLIP lavas that have high CaO contents ( Fig. 2B ) and olivine data that indicate a peridotite source provenance (Fig. 4) . The first evidence for participation of a dominant recycled crust component is at ∼70 Ma as documented in this paper by lavas from the Quepos terrane. And in modern lavas, olivine chemistry reveals the widespread occurrence of pyroxenite throughout the present-day Galápagos archipelago . However, determining secular changes in the absolute amount of recycled crust contained in the Galápagos plume is difficult because of its lower solidus and higher melt productivity relative to peridotite (e.g., Morgan, 2001; Pertermann and Hirschmann, 2003; Ito and Mahoney, 2005; Sobolev et al., 2007; Shorttle and Maclennan, 2011) . That is, given the same lithological mixture of peridotite and pyroxenite, if the plume is cooler for any reason, pyroxenite will preferentially melt owing to its lower melting temperature, and its elevated productivity will mean that pyroxenite-source melts will be overly abundant. However, these petrological constraints provide a qualitative framework for explaining the larger geodynamical framework for cooling the plume with time (Fig. 7A) .
Petrological modeling suggests that most LIPS (Paleocene and older) were hotter and melted more extensively than younger ocean islands, maybe only with the exception of Hawaii (Herzberg and Gazel, 2009) . It would be difficult to imagine a scenario of LIPs-producing plumes rooted in a hotter boundary layer at the base of the mantle than younger ocean island-producing plumes. If we assume that the Galápagos is representative of global plume evolution, and that recycled crust remains negatively buoyant relative to peridotite at all depths in the mantle (Hirose, 2006; Ricolleau et al., 2010) , then it is possible that mantle plumes were triggered near the core-mantle boundary by instabilities of the buoyantly-favored perovskite-bearing peridotite equivalent, and that they progressively entrained more recycled crust with time. Opportunities for biased sampling might occur if LLSVPs consist of mixtures of dense recycled oceanic crust and ambient mantle peridotite (Mulyukova et al., 2015) . According to Davaille et al. (2002) entrainment of dense crust would require a hotter mantle to rise, which is not consistent with the Galápagos plume. An alternative explanation is that relative to the recycled crust-free peridotite equivalent, mantle plumes that entrain a limited amount of recycled crust of limited volume are expected to have a longer transit ascent time, creating opportunities for greater conductive heat loss to their surroundings (Farnetani and Samuel, 2005; Nolet et al., 2006; Kumagai et al., 2008) . The problem with this model is that increased recycled crust entry into the root of the plume can be confused with increased melt productivity of recycled crust that is expected from cooling. Detailed work on the oldest 90 Ma CLIP lavas and additional Galápagos-related terranes might break this interpretative circularity if it can constrain whether the LIP source was free of recycled crust or if it was present, but completely exhausted and diluted during partial melting.
Conclusions
The new age constraints presented here indicate that the LIP-OIB transition in the history of the Galápagos Plume occurred at about 70-60 Ma, i.e. 20-30 Ma after the onset of CLIP volcanism. Our results show that a dominant pyroxenite source lithology is observed for the first time at ∼70 Ma in the record of the Quepos terrane.
The maximum T p of the plume changed from ∼1650 to ∼1550 • C between 90-70 Ma. This change corresponds to a dominant pyroxenite component in the Galápagos plume evident in the Quepos data. Furthermore, there is also an increase in HFSE contents relative to equally incompatible elements throughout the evolution of the plume. The petrological requirement of elevated melt productivity of pyroxenite relative to peridotite in a cooling lithologically heterogeneous mantle is well-illustrated by the Galá-pagos plume. However, with no obvious reason for plume material being cooler at the time of tail versus plume head formation, we consider an increased incorporation of pyroxenite into the plume tail as the cause for the secular cooling of the plume tail relative to the head most likely. This secular cooling would be caused due to the decreased buoyancy of the plume material with a higher pyroxenite proportion resulting in a slower ascent rate through the mantle and thus, a higher cooling rate. The increased pyroxenite contribution through time would in this case reflect the effect of an increased proportion in the plume tail combined with an increased melt production rate.
Sr-Nd-Pb radiogenic isotopic compositions suggest that the source of the ∼65 Ma Quepos terrane contains intermediate signatures similar to the classically defined Central Domain and are more radiogenic than CLIP lavas, suggesting an enrichment in the source of the plume, probably the result of a recycled oceanic crust component.
